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I. INTRODUCTION
The study of single-particle observables provides information on the bulk properties of the hot nuclear systems formed in relativistic heavy-ion collisions. A more differential view, first employed to understand the systems produced at the ISR in the 1970's [1] [2] [3] , involves the use of two-particle correlators. Here, one measures the rates for all pairs of particles in single events versus kinematic observables in two dimensions, e.g., the relative rapidity and azimuthal angle, (∆y, ∆ϕ), of the two particles in each pair. These distributions can then be normalized by the distributions formed once the intraevent correlations have been explicitly broken. This normalization also removes any contributions to the correlators from all single-particle inefficiencies in the experimental measurement. The resulting ratio, called R 2 , then depicts excesses or deficits with respect to unity that directly indicate correlations or anticorrelations, respectively. Parton fragmentation, resonance decays, and femtoscopic correlations, typically referred to as "short-range" correlations, are localized to a narrow region near (∆y, ∆ϕ) ∼ 0 [4, 5] . Other phenomena are longer range, such as elliptic flow, which appear as a cosine function of the relative azimuthal angle [6] . Global momentum conservation can result in a back-to-back correlation between the produced particles, which is reflected as a negative cosine function of ∆ϕ [6] [7] [8] . Non-zero integrals of the two-particle correlation functions result in multiplicity distributions with variances that are not equal to the mean values, as would be expected for purely Poisson fluctuations. As the variance of the multiplicity distributions goes like the square of the correlation length [9] , the two-particle correlation functions thus provide a more differential view of effects which may potentially result from the proximity of a critical point [9] .
In this paper, the two-particle correlations are studied for like-sign and unlike-sign identified pions, kaons, and protons in Au+Au collisions measured by the STAR experiment during the Beam Energy Scan (BES) program at RHIC. The angular correlation functions are presented at eight different beam energies ranging from 7.7 to 200 GeV and at three selected centralities, the most central 0%-5%, 30%-40%, and peripheral 60%-70%. Two ranges of low and high transverse momentum are also compared. The study of the different particle species pairs allows one to compare the meson (π and K) and baryon (p) correlations. The beam energy dependence spans nearly baryon-free matter at the highest energy to increasingly baryon-doped matter as the beam energy is decreased. The experimental results are also compared to those from the models UrQMD [10] , Hijing [11] , and AMPT [12] , each of which produces events based on different theoretical approaches.
This paper is organized as follows: the STAR detector and other experimental details are described in Section II; the two-particle angular correlation function results are presented in Section III. Finally, the summary and conclusions are presented in Section IV.
II. EXPERIMENTAL DETAILS
The Solenoidal Tracker at RHIC (STAR) is an azimuthally-symmetric and wide acceptance detector. The key subdetectors used here include the Time Projection Chamber (TPC) [13] , which performs the track and primary vertex reconstruction, as well as particle identification at low momentum, and the Time-of-Flight system (TOF) [14] , which provides particle identification information at higher momentum. A solenoidal magnet aligned with the beam axis provides a uniform magnetic field of 0.5 T for charged particle momentum analysis [15] .
The data studied here were collected in the years 2010, 2011, and 2014, and include the eight beam energies of √ s N N = 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4, and 200 GeV.
These data were collected with a minimum bias trigger based on the information from the Vertex Position Detector (VPD) [16] , Beam-Beam Counters (BBC) and Zero Degree Calorimeter (ZDC) detectors [17] . The raw event totals and the year of data collection are shown in Table  I . The collision vertex, determined using all charged tracks in each event, was required to be within ±30 cm of the center of STAR along the beam direction at all eight beam energies. Pseudocorrelations caused by the event by event variation of the location of the primary vertex along the beam pipe, Z vtx , were removed by performing the analyses in 30 bins of Z vtx , each 2 cm wide. A weighted average of the correlation functions over these bins was then constructed, eliminating these pseudocorrelations [18] .
For the pion or kaon correlations, the centrality of the collisions was determined using the charged particle multiplicity distributions with pseudorapidities, η, within the range 0.5 < |η| < 1 and a Monte Carlo Glauber simulation as described, e.g., in Ref. [19] . For the proton correlations, the centrality was determined using the measured multiplicity of tracks, excluding protons, with |η| < 1. These same centrality definitions were used in the STAR papers on the multiplicity cumulants [20] [21] [22] . To avoid artifacts in the observables of interest caused by the above multiplicity binning on pseudorapidity, the correlation functions were studied only for pseudorapidities within the range |η| < 0.5.
The raw events collected by STAR were then pruned of data-taking runs in which the average values of a number of observables deviated by two standard deviations from their values over all events. Examples of the variables studied are the mean values of several different track or hit multiplicities, or the average values of track-based quantities such as the transverse momentum or azimuthal angle. About thirty such variables were studied in each run. Once the bad runs were removed, multiple selection criteria on pairs of global observables were applied to remove bad events in good runs. These selection criteria were effective at removing collisions of gold nuclei with beam line materials (most importantly at the lowest beam energies) and collision pile-up in time in the TPC (most importantly at the highest beam energies). The tracks used in the correlations analyses were subject to quality cuts on the distance of closest approach to the primary vertex (maximum 2 cm), the number of TPC space points assigned to each track (minimum 18), and the ratio of assigned to total possible space points (minimum 52%). The correlation functions were measured using likesign (LS) and unlike-sign (US) pairs of pions, kaons, and protons, separately. The kinematic acceptance used for the different particle species is shown in Table II . To identify the particles, the ionization energy loss, dE/dx, measured by the TPC and the time of flight measured by the TOF detector was used. The dE/dx selection was done within two standard deviations of each particle's peak in the normalized ionization energy loss distributions. The TOF efficiency per TPC track is ∼2/3. If the TOF information was available for a given TPC track, a cut was placed on the mass obtained from the track momentum and speed. If a particular track did not have TOF information, additional exclusionary dE/dx cuts on nearby particle species were applied at low momenta.
By definition, the correlation functions, R 2 , are insensitive to single-particle experimental inefficiencies caused, for example, by gaps in the detector. However, "track crossing," a true two-particle inefficiency, remains. The track reconstruction algorithm used in STAR does not share space points between two nearby tracks. The imposition of even minimal quality cuts on the number of space points assigned to a reconstructed track thus causes one of the tracks in the pair to have fewer space points and thus a slightly lower efficiency. This relative inefficiency for finding a track because of the existence of another nearby creates a "near-side," (∆y, ∆ϕ) ∼ 0, hole in the correlation functions. This was avoided in the present analysis by p T -ordering the particles in each pair to constrain the track crossing inefficiency to a smaller region, then reflecting the unaffected bins across ∆ϕ = ∆y = 0 to form the correlation functions devoid of track crossing [18] . The affected regions for each particle species are summarized in Table III . Additional systematic uncertainties result from the specific treatment of the track crossing inefficiency and these can be seen in the results below for the few bins very close to ∆y = 0. 
• A. Two-particle angular correlation functions
The correlation function is defined as the ratio of the two-particle density distributions and the product, or convolution, of the single-particle densities. This division normalizes the correlations as "per pair," and makes them insensitive to single-particle reconstruction and acceptance inefficiencies [1] . The normalized "angular correlations," R 2 , are formed as a function of the relative rapidity and azimuthal angle of the two particles in the pair, (∆y, ∆ϕ), and are given by [1] :
where ∆y = y 1 − y 2 , ∆ϕ = ϕ 1 − ϕ 2 , and ρ 2 (∆y, ∆ϕ) and ρ 1 (y, ϕ) are the two-particle and single-particle multiplicity density distributions, respectively, normalized to the number of events. The numerator of the correlation functions for particles is calculated using all pairs in each event except self-pairs. Several methods are available to calculate the denominator. These include pulling particles of interest from two different but similar events, which is called "mixing," and convolution. In convolution, a single-particle spectrum versus (y, ϕ, p T ) is folded with itself in six nested loops to produce the denominator versus the pair (∆y, ∆ϕ). This six-dimension convolution allows one to impose the same cut (see previous section) in the denominator as was used in the numerator to remove the two-particle inefficiency from track crossing. The results from the two methods to form the denominator, mixing and convolution, were found to be in excellent agreement.
The amplitudes of such R 2 correlation functions often decrease with increasing beam energy and/or centrality as a result of the increasing number of particleemitting sources for higher-energy (and/or more central) collisions. One may thus consider scaling the correlators with some multiplicity such as the number of participants or binary collisions to account for such dilution. The correlators shown here do not include such an additional scaling.
In the present analysis, the numerator and denominator of the correlation functions were further normalized to the event-averaged number of pairs [1] via, (2) where n is the event-by-event multiplicity of the indistinguishable particle of interest in a given centrality and Z vtx bin. If the particles in the pair are distinguishable, this prefactor becomes n 1 n 2 / n 1 n 2 , where n 1 and n 2 are the event-wise multiplicities of the distinguishable particles of interest. This normalization removes purely mathematical finite-multiplicity offsets to the correlation functions and thus ensures that the values of R 2 are identically zero in the absence of any two-particle (anti)correlations even at low multiplicities of the particle of interest in each event.
B. Systematic uncertainty
To estimate the systematic uncertainties, the track selection and particle identification criteria were modified within reasonable ranges, and the full analysis was repeated for each cuts set. The systematic uncertainties for the track selection and particle identification were separately studied. The standard deviation of the results when using the default cut was calculated for each set and the systematic uncertainty was determined as the root of the quadratic sum of the different systematic sources.
The main source of systematic uncertainty for the pion results was the cut on the distance of closest approach to the primary vertex. For the kaon and proton results, the particle identification cuts resulted in the largest contributions in the systematic uncertainties. The absolute uncertainties of the main systematic source averaged over ∆y at 62.4 GeV, 30%-40% centrality, were found to be 0.1 × 10 −3 for like-sign and unlike-sign pions, 0.3 × 10 −3 for like-sign kaons and protons, and lower than 0.5 × 10 −3 for unlike-sign kaons and protons. The systematic uncertainties at 14.5 GeV, and 30%-40% centrality, are similar, although they increase to 0.8 × 10
for like-sign kaons, and 0.1 × 10 −2 for unlike-sign kaons and protons. The final source of systematic uncertainty results from the necessary correction for the track crossing pair inefficiency. This contribution can be larger than the other systematics but only for the few bins near ∆y = 0, as will be seen in the results presented below.
III. RESULTS
The angular correlation functions for like-sign and unlike-sign identified π mesons and protons are shown in Fig. 1 and 2 , respectively, for the eight different energies and for 30%-40% mid-central collisions. The kaon correlations are shown in Fig. 3 at 200 GeV and 30%-40% centrality. The kaon correlations at lower energies are similar, but become increasingly noisy due to the weakening production of kaons (and the fewer number of experimental events) as the energy is decreased.
The like-sign correlations for pions and kaons are the average of the like-sign positive and like-sign negative correlation functions. For protons, the like-sign positive and like-sign negative are separately studied. The likesign antiproton correlation functions are statistically significant only at the highest beam energies.
The correlation functions shown in Figs. 1-3 reflect the different physical mechanisms occurring in Au+Au collisions at 30%-40% centrality. Energy-momentum conservation and dijet fragmentation generally contribute to produce the away-side ridge at ∆ϕ ∼ 180
• , and collective elliptic flow is responsible for the double ridge structure at ∆ϕ = 0
• and 180
• . These general features depend weakly on the beam energy for both the likesign and unlike-sign charge combinations. The correlations of pions and kaons exhibit a peak at (∆y, ∆ϕ) ∼ 0 that would typically be associated with the short-range mechanisms of minijet string breaking, femtoscopic correlations, and resonance decay. Femtoscopic correlations include quantum-statistical effects, Coulomb, and strong interactions and can be positive or negative.
The strong near side peaks in the like-sign two-pion correlations shown in Fig. 1 dominantly femtoscopic in nature. These peaks can be cleanly excised by removing the (very small) fraction of pairs with ∆q < 100 MeV/c, where ∆q is the modulus of the energy-momentum four-vector difference of the two particles in each pair. Such a cut has very little effect on the unlike-sign pion correlations because quantumstatistical effects do not occur for distinguishable particles.
The near-side peak in the unlike-sign kaon correlations is wider in (∆y, ∆ϕ) compared to the like-sign kaons in Fig. 3 . This near-side correlation in unlike-sign kaons is in the shape of a caldera centered at (∆y, ∆ϕ) ∼ 0 which results from K + K − pairs that are the daughters of φ(1020) mesons [23, 24] .
The proton correlation functions are qualitatively similar to those for pions and kaons on the away side in ∆ϕ. However, a significant difference is observed on the near side, (∆y, ∆ϕ) ∼ 0. The values of the like-sign proton correlation functions show a wide suppression on the near side. Upon this wide anticorrelation may sit a narrow peak at (∆y, ∆ϕ) ∼ 0.
For the unlike-sign proton pairs, a prominent near-side ridge along the ∆y axis is observed for the larger values of ∆y. At smaller values of ∆y, a clear anticorrelation with respect to this ridge is observed. This anticorrelation in unlike-sign proton pairs near (∆y, ∆ϕ) ∼ 0 is narrower in ∆y than the near-side anticorrelation observed for the like-sign proton pairs.
The projections of the angular correlation functions onto the ∆y axis (integrated over all azimuthal angles) for like-sign and unlike-sign pion and proton pairs in 30%-40% central collisions are shown in Fig. 4 . The proton pair correlations and pion pair correlations differ significantly at all eight energies and for both like-sign and unlike-sign combinations. The pion correlations show an enhancement around ∆y ∼ 0 which decreases slightly with increasing beam energy.
In contrast, both the like-sign and unlike-sign proton correlations show an anticorrelation near ∆y ∼ 0 at all eight energies. These anticorrelations are remarkably weakly-dependent on the beam energy. The values of the correlation functions near ∆y ∼ 0 for the like-sign (red) and unlike-sign (blue) pairs are comparable at all eight energies. At larger values of the rapidity difference, The projection of R 2 (∆y, ∆ϕ) into ∆y, averaged over |∆ϕ| < 85
• (a "near-side projection") or averaged over 85
• ≤ |∆ϕ| ≤ 275
• (an "away-side projection") is shown in Fig. 5 for the like-sign and unlike-sign pion and proton pairs at 14.5 and 62.4 GeV in 30%-40% central collisions. The away-side projections of the pion and proton correlations are roughly flat versus the rapidity difference as seen in the two right frames of Figs. 5a and 5b. There is a slight suppression on the away-side for the likesign protons due to the wider near-side anticorrelation in (∆y, ∆ϕ) (compared to that for the the unlike-sign pairs) which was shown in Fig. 2 . The correlations of the likesign pions and protons (red) are larger than those for the unlike-sign pairs (blue) on the away-side.
The ∆y dependence of the correlations on the near-side explored in Fig. 4 come into better focus when requiring each pair is also on the near-side azimuthally, and are shown in Fig. 5 . Here, the correlations of the unlike-sign pions is larger than those for like-sign pairs, which is opposite to the behavior observed on the away-side. The near-side proton correlations shown in Fig. 5b indicate an anticorrelation in both the like-sign and unlike-sign charge combinations. Here it is again seen, as in Fig. 2 , that the unlike-sign proton anticorrelation is much narrower in ∆y compared to that for the like-sign proton pairs.
The unlike-sign pion correlations shown in Fig. 5a are much wider on the near side (left frames) in ∆y than those for the like-sign pion pairs. This is presumably due to local charge conservation in unlike-sign pairs [25] . The effects of local charge conservation on the proton correlations is less clear, but the difference of the unlike-sign and like-sign correlation functions are similar for both pions and protons at the larger values of ∆y. Therefore, local charge conservation may contribute to the faster rise in the unlike-sign proton correlations compared to the like-sign pairs.
The measured pion and proton correlation functions were compared to those obtained using the events generated by several model event generators. The analysis was done for simulated events using UrQMD v3.4 [10] , Hijing v1.411 [11] , and AMPT v2.26t7b [12] . The UrQMD model is based on the covariant propagation of color strings, constituent quarks, and diquarks accompanied by mesonic and baryonic degrees of freedom. It simulates multiple interactions of ingoing and newly produced particles, the excitation and fragmentation of color strings, and the formation and decay of hadronic resonances [10] . The Hijing model is used to study jet and multiparticle production in high energy p+p, p+A, and A+A collisions at RHIC and LHC energies. The model includes multiple minijet production, nuclear shadowing of the parton distribution functions, and a schematic mechanism of jet interactions in dense matter, which contains many sources of long and short-range correlations [11] . A "multi-phase transport model," (AMPT) uses the Hijing model for generating the initial conditions, then models the partonic scattering, string fragmentation using the Lund model, hadronization via quark coalescence, and finally hadronic rescattering [12] .
Approximately 30M minimum bias events were generated using the default parameters for each model. Additional model data sets of the same significance were also generated following the modification of specific model parameters in order to further explore specific topics. The centrality of the model events was determined by integrating the minimum bias distributions of the charged particle multiplicities calculated with the same kinematic cuts as were used for the analysis of the experimental data. Figure 6 depicts the comparison of the experimental and model results for like-sign and unlike-sign pions and protons at 14.5 GeV and 62.4 GeV in 30%-40% midcentral collisions. None of the three models describes the observed pion correlations at small values of the rapidity difference, ∆y. As described above, this strong short range peak in the like sign correlations appears to be predominantly femtoscopic in origin as it can be removed by removing pairs with ∆q < 100 MeV/c. This can be expected as the models generally make no attempt to describe femtoscopy in their default configurations. However, the disagreement between the data and models for the unlike-sign pion short-range correlations cannot be explained by femtoscopy as the same ∆q cut does not remove the short-range correlation, and the particles in the pair are distinguishable.
The UrQMD and Hijing models were more successful than AMPT in reproducing the correlations of unlike-sign pions at larger values of ∆y. This may be the result of a stricter local charge conservation in UrQMD and Hijing compared to AMPT [26] .
For the proton correlations, Hijing does not describe the data, while UrQMD and AMPT qualitatively predict a small suppression near ∆y ∼ 0 of like-sign and unlike-sign protons, respectively, but do not reproduce the observed correlations at larger values of ∆y. The AMPT model can reproduce the observed anticorrelations for like-sign protons (but fails for unlike-sign protons), while the UrQMD model can describe the unlikesign protons (but fails for like-sign protons).
Also shown in Fig. 6 are the results from UrQMD when baryon annihilation is turned off via a user parameter. The unlike-sign proton correlations in these events now no longer reproduce those seen in the data near ∆y ∼ 0, and in fact they look quite similar to those obtained from Hijing and AMPT. This suggests that the anticorrelation in unlike-sign proton pairs on the near side in ∆ϕ and at short range in ∆y, best seen in the right frames of Fig.  2 , results from baryon-antibaryon annihilation.
The anticorrelation in like-sign protons is broader and longer range. Similar two-proton anticorrelations (see also Ref. [27] ) were reported in the small collision system of e + +e − annihilation at √ s = 29 GeV by the TPC/Two-Gamma Collaboration [28] , and in p+p collisions at √ s = 7 TeV by the ALICE Collaboration [29] . We report this observation here for the first time in the large collision system of Au+Au. Although there is a qualitative similarity in the (anti)correlations of like-sign protons between the small and large systems, there is no such agreement for unlike-sign protons.
The observed proton anticorrelations in e + +e − annihilation at √ s = 29 GeV were suggested [28] to result from local baryon number conservation during the hadronization process and the "energy cost" required to produce two baryons during the fragmentation of a single string. According to the string hadronization model [30] , two baryons produced in a single fragmentation should be separated by at least one particle with a different baryon number [28, 29] . Furthermore, the probability of producing two baryons in a single fragmentation in low energies is suppressed, since a minimum of two baryons and two antibaryons would be required to produce two like-sign baryons while conserving baryon number. This explanation could be reasonable at the low beam energy of 29 GeV. However, such an energy constraint seems unlikely in the case of the p+p collisions at √ s = 7 TeV measured by ALICE, which showed a similar near-side suppression. In the ALICE study [29] , the possibility that the like-sign proton correlations were suppressed on the near-side by Fermi-Dirac statistics was ruled out as the pΛ+pΛ correlators also showed the same anticorrelations. Other ideas like the effects of the momentum transfer during the interaction, Coulomb repulsion, local baryon number conservation, and energy conservation were also discussed in Ref. [29] , but none of these were seen as entirely successful in explaining their observed baryon anticorrelations.
The pion and proton correlations were studied in different centralities from the most central to the most peripheral collisions. The results of the most central 0%-5%, mid-central 30%-40%, and peripheral 60%-70% events in Au+Au collisions at the low energy of 14.5 GeV, and the higher energy of 62.4 GeV, are shown in Fig. 7 . A strong centrality dependence is observed in the pion and proton correlations. In both cases, the (anti)correlations decrease, i.e., R 2 approaches zero from above or below, as the collisions become more central. This is consistent with the usual picture of the dilution of the correlations due to the increasing number of particle sources as the collisions become more central.
These correlations were also studied in two different transverse momentum ranges. The low-p T range for pions and protons was 0.2-0.6 GeV/c and 0.4-0.8 GeV/c, respectively, while the high-p T range for pions and protons was 0.6-2.0 GeV/c and 0.8-2.0 GeV/c, respectively. In Fig. 8 , the pion and proton correlations in these two p T ranges are shown for 30%-40% mid-central collisions at 14.5 GeV and 62.4 GeV. The proton correlations show no significant dependence on the transverse momentum range for both the unlike-and like-sign charge combinations. There is a more significant p T dependence for the like-sign pion correlations at large ∆y, while the unlikesign pions do not show a significant p T dependence.
The influence of femtoscopic correlations on the observed proton anticorrelations was also studied. A relative invariant momentum cut was set based on the values of the effective source size measured by STAR [31, 32] . This cut would be expected to suppress all femtoscopic contributions. The bins of the correlation function affected by such a cut is limited to the rather small region of ∆y < 0.1. This is much narrower than the observed width of the observed proton anticorrelations. in low and high pT in Au+Au collisions at 14.5 GeV (top) and 62.4 GeV (bottom) in 30%-40% centrality.
IV. SUMMARY AND CONCLUSIONS
The two-particle angular correlation functions were studied for like-sign and unlike-sign pion, kaon, and proton pairs in the Beam Energy Scan data collected by the STAR experiment. The energy, centrality, and p T dependence of the correlations were investigated. No nonmonotonic behavior was observed in any of the two-particle angular correlation functions as a function of the beam energy from 7.7 to 200 GeV and indeed the dependence on the beam energy is quite weak overall. The experimental results were also compared to those obtained from the models UrQMD, Hijing, and AMPT.
The expected near-side peak was observed in the pion and kaon correlations which is associated with shortrange mechanisms. In the case of the like-sign two-pion correlations, this peak appears to be predominantly femtoscopic in the kinematic range of this analysis as it can be removed by removing pairs with a relative four-vector difference of less than 100 MeV/c. The amplitudes of the correlations decrease with increasing beam energy and decrease as the collisions become more central, and are at most weakly dependent on the transverse momentum in two wide bins of this variable. A strong nearside ring-shaped positive correlation was observed in the unlike-sign kaon correlations resulting from the strongly correlated pairs from φ(1020) decays.
In contrast to the meson correlations, the proton pairs exhibit a significant near-side anticorrelation at all beam energies. This proton anticorrelation has already been observed in small systems and is here reported for the first time in the large collision system of Au+Au. This anticorrelation was observed in both like-sign and unlikesign (anti)proton pairs, and it is wider in relative rapidity, ∆y, for the like-sign charge combination as compared to the unlike-sign combination. The model comparisons imply that the anticorrelation in the unlike-sign proton pairs appears to result from baryon-antibaryon annihilation. A description of the cause of the stronger and longer-range anticorrelation in like-sign proton pairs is not yet in hand. This like-sign proton anticorrelation is apparently p T -independent, decreasing with increasing beam energies, and decreasing as the collisions become more central.
